The evolutionary pressure to populate rewarding niches can require organisms to survive high-risk environments. For bacteria that inhabit the nutrient-rich human gut, whether they are our friends or foes, the trip through the stomach requires clever strategies to survive harsh, low-pH conditions. Gut-resident Escherichia coli strains deploy a complex set of responses to counter the impact of the low pH they experience as they travel through the stomach (1). Some of their responses, such as the amino acid decarboxylases, act to keep the cytoplasmic pH above a dangerous level. However, the permeability of the outer membrane leaves the periplasmic space unprotected from the perilously low pH of the external medium. Consequently, these bacteria had to develop strategies to protect periplasmic proteins from irreversible pH denaturation. A network of chaperones participates in this protection; the key pH-responsive members are the small, abundant HdeA and HdeB proteins, the activity of which is triggered by low pH. In a recent study reported in PNAS, Foit et al. (2) apply a multipronged approach to learn how E. coli HdeA uses low pH-induced protonation of a small number of acidic residues to shift from an inactive, stably folded dimeric state to a partially folded monomer that is capable of reversibly binding unfolded substrates.
The mystery underlying HdeA function is how pH could change its properties in such a way that turns on its chaperone activity. Given the pH shift that this protein would experience between the stomach (pH 2) and the small intestine (pH 7), the most likely titratable residues involved in the modulation of activity are aspartate or glutamate. Foit et al. (2) identify several potential "pH switches" based on conservation of Asp and Glu residues in the HdeA family, the location of the conserved Asp and Glu residues on the structure of the inactive dimeric form of HdeA, and a powerful computational method called constant pH molecular dynamics (CpHmd) calculations (3). The CpHmd calculations are particularly informative, because they provide estimates of the pK a shifts each Asp and Glu residue would experience between the low-pH stable dimer (4) and models of the monomeric active state of HdeA built from the dimer. Strikingly, the authors find that mutation of the two aspartates predicted to experience the largest pK a shifts (D20 and D51), which were also among the most highly conserved acidic residues, to alanines created a variant HdeA that is constitutively active at neutral pH. Using thermodynamic coupling relationships, the pK a shifts were related to the expected extent of destabilization of the dimer by the Asp to Ala mutations, and, indeed, the two resulting HdeA variants showed a substantial reduction in apparent dimer-melting temperature. Mutation of other acidic residues, which were not predicted to shift pK a to as great an extent as D20 and D51, hardly perturbed the apparent dimer melting temperature. Notably, the pH-dependent ability of the D20, D51 HdeA variant to bind a fluorescent dye, used as a measure of the exposure of the hydrophobic surface, was shifted significantly toward higher pH relative to that of wild-type HdeA. Also, circular dichroism showed that the constitutively active double mutant had significantly reduced secondary structure at neutral pH than the wild-type protein, and the loss was similar to that triggered in wild-type HdeA by lowering pH. Most importantly, the double mutant completely blocked aggregation of unfolded malate dehydrogenase at pH 5, and substantially inhibited it at neutral pH, substantiating the identification of D20 and D51 as major pH-switch residues. Analytical ultracentrifugation analysis confirmed that the exposure of hydrophobic surface, loss of secondary structure, and increase in chaperone activity were all coincident with a shift in the wildtype HdeA dimer-monomer equilibrium toward monomer for the D20A, D51A variant.
How does HdeA function as a chaperone? Major classes of bacterial cytoplasmic chaperones like GroEL and DnaK use ATP binding and hydrolysis to switch between high-and low-affinity states and to set the timing of a cycle of binding and release of unfolded substrates. These mechanistic steps simultaneously optimize folding assistance and minimize accumulation of unfolded substrates, thus lowering the risk of aggregation. In the case of HdeA, which must function in the periplasm where there is no ATP, pH gradients appear to play a role comparable to ATP. Upon exposure to low pH, the HdeA dimer rapidly dissociates, and the monomer binds an array of different acid-denatured, periplasmic proteins (4, 5) (Fig. 1) . Among them, intriguingly, are DegP and SurA, themselves periplasmic chaperones. The shift back to higher pH after the bacterium's traversal of the stomach leads to a relatively slow release of bound clients from HdeA, apparently enabling refolding to occur with minimal risk of aggregation. It will be interesting to determine the rate of release and refolding of the DegP and SurA chaperones to see whether they might be available to facilitate the refolding of other HdeA clients. Similarly, it will be of interest to determine the role of HdeB, which shares many properties with HdeA but, from in vitro studies, has a different optimal pH range for its chaperone function (6). It seems likely that these two similar small periplasmic chaperones act as a synergistic team.
The study by Foit et al. (2) , combined with previous work from this group (7, 8) , makes a compelling case for a direct link between partial unfolding in HdeA and its enhanced chaperone activity. Intrinsically disordered proteins (IDPs) and intrinsically disordered regions of proteins (IDRs) have recently entered the limelight of the protein science world (9, 10) . Defying the dogma that 3D structure is required for a protein to function, IDPs and IDRs exist as ensembles of highly dynamic states. IDPs and IDRs are implicated in molecular recognition, signaling, interdomain linkages, etc., and their structural plasticity is implicated in their promiscuous binding (10, 11) . Although the molecular details are not yet clear, the fact that HdeA chaperone activity is associated with its partially folded monomeric state suggests a role for conditionally disordered regions in HdeA in binding a wide array of unfolded substrates. These regions may work together with the intersubunit hydrophobic surface that is exposed in the monomer and sequestered in the stable HdeA dimer to mediate binding of unfolded substrates. Provocatively, IDRs have been suggested to have evolved as folding assistants (12) , and, indeed, they are quite prevalent in chaperones (13) : the mobile loop of GroES is a classic IDR (14) ; it serves as the GroEL-interactive site of GroES, shares its binding site with GroEL clients, and mimics the properties of clients. GroEL itself has unstructured C-terminal sequences that have been proposed both to interact with bound substrates (15) and to serve as malleable space fillers in reducing the GroEL cavity size (16) . A disordered interdomain linker in heat shock protein (Hsp) 90 has been postulated to regulate substrate binding (17, 18) . DnaK has two IDRs, the interdomain linker functions in allostery (19, 20) , and the C-terminal disordered region has been proposed to bind protein substrates (21) . Hsp33 has a disordered region that is exposed for substrate binding in a redox switchable manner (22) . HdeA, thus, joins a growing number of chaperones in using disorder in its function (13) .
The study by Foit et al. (2) elegantly illustrates the power of combining powerful computational modeling with well-designed experiments. The successful creation of an HdeA mutant that is active as a chaperone at neutral pH provides a promising system to elucidate its mechanism in greater depth.
How disordered is the active form of HdeA? Do some parts of the protein retain structure, whereas others become unstructured, or is the active state globally dynamic? We eagerly await further details about the mode of substrate binding and the intrinsic dynamics of the monomeric state of HdeA, both of which will be greatly aided by the availability of the constitutively active mutant HdeA. The resulting insights will shed light on how disorder is exploited in this fascinating minimalist chaperone machine. . pH-dependent activity of HdeA (in green and purple outline) allows it to have maximal chaperone activity in the low-pH environment of the stomach. Here, periplasmic proteins (example in blue) will be destabilized by the harsh acidic conditions. Binding to HdeA protects them such that they may be released for refolding upon arrival of the bacterium in the small intestine. The work of Foit et al. (2) , reported in PNAS, reveals how protonation of two key aspartic acid residues shifts HdeA to a partially unfolded, chaperone-active monomeric state.
